Growing knowledge of the key molecular components involved in biological processes such as endocytosis, exocytosis, and motility has enabled direct testing of proposed mechanistic models by reconstitution. However, current techniques for building increasingly complex cellular structures and functions from purified components are limited in their ability to create conditions that emulate the physical and biochemical constraints of real cells. Here we present an integrated method for forming giant unilamellar vesicles with simultaneous control over (i) lipid composition and asymmetry, (ii) oriented membrane protein incorporation, and (iii) internal contents. As an application of this method, we constructed a synthetic system in which membrane proteins were delivered to the outside of giant vesicles, mimicking aspects of exocytosis. Using confocal fluorescence microscopy, we visualized small encapsulated vesicles docking and mixing membrane components with the giant vesicle membrane, resulting in exposure of previously encapsulated membrane proteins to the external environment. This method for creating giant vesicles can be used to test models of biological processes that depend on confined volume and complex membrane composition, and it may be useful in constructing functional systems for therapeutic and biomaterials applications.
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lipid bilayer | transmembrane protein | SNARE | microfluidic jetting | synthetic biology L ipid bilayer membranes provide the archetypal organizing structure by which cells separate themselves from their environment and internally compartmentalize and transport molecules. At the molecular level, cellular membranes are a crowded mix of many different lipids and proteins, and their composition and organization are crucial to a broad range of cellular functions (1). In endo-and exocytosis (2, 3), apoptosis (4), signal transduction (5) , and motility (6) , membranes serve as substrates for the activity of specialized lipids, transmembrane proteins, and associated binding proteins. Moreover, cells use cycles of endo-and exocytosis to dynamically regulate cell membrane composition and area.
Significant progress has been made in identifying the functional role of membrane composition and organization in cells. However, the sheer complexity and redundancy that underlies cellular behavior has made it difficult to elucidate many fundamental mechanisms at work in biological processes at membranes. To address these issues, traditional cell biological approaches are increasingly being complemented by in vitro experiments aimed at reconstituting cellular behavior from a minimal system of components. For example, synthetic lipid vesicles have been used to study the necessary and sufficient protein machinery for membrane fusion (3, (7) (8) (9) (10) , membrane deformation by cytoskeletal proteins (11) (12) (13) , and scission by membrane binding proteins (14, 15) .
To capture the essential features of complex cellular processes by reconstitution, methods are required to assemble purified components in ways that more faithfully emulate real cells (16) .
For example, properties that are believed to influence membrane processes and are therefore desirable to control in reconstitutions include asymmetric lipid composition, insertion of membrane proteins, physical properties such as membrane tension, and fixed volumes for soluble proteins and other biochemical components (1, [17] [18] [19] . Current techniques use spontaneous lipid transfer (20) , peptide-induced fusion (21), centrifugation (22, 23) , or microfluidics (24, 25) to accomplish either controlled membrane composition or encapsulation of biomolecules in cell-sized volumes; however, formation of populations of monodisperse vesicles with unrestricted contents and user-defined membrane properties has not yet been demonstrated with existing techniques.
Here we present an integrated method for forming giant vesicles with controlled internal contents, asymmetric lipid composition, and oriented transmembrane proteins. We begin by demonstrating incorporation of physiologically relevant signaling lipids into giant unilamellar vesicles (GUVs) made by microfluidic jetting (26, 27) , which enables simultaneous control of internal contents. We extend this approach to form GUVs with asymmetric lipid bilayers and then demonstrate incorporation and orientation of transmembrane proteins in the GUVs. Finally we combine key features of our method and demonstrate its utility by constructing a synthetic system in which lipid and transmembrane protein are delivered from encapsulated small unilamellar vesicles (SUVs) to GUV membranes using SNAREfamily proteins (3, 7, 28) . This demonstration mimics aspects of the dynamic regulation of plasma membrane properties by cells, and it provides a bioinspired mechanism for dynamically altering the surface chemistry of giant vesicles. The integrated method we present has the potential to facilitate both advanced reconstitution and construction of synthetic biological devices.
Results and Discussion
Formation of GUVs with Controlled Lipid Composition. A first step toward engineering systems that recapitulate the physical boundary conditions of cells is encapsulation of components in giant vesicles of controlled lipid chemistry. Several recent microfluidic techniques (22, (24) (25) (26) (27) have achieved formation of giant vesicles with controlled contents using oil-water interfaces to define lipid membranes. However, these techniques form the membranes from lipids dissolved in oil and are incompatible with many biologically important lipids that display poor solubility in oil due to their net charge or saturated fatty acid tails. For example, the lipid phosphatidylinositol-4,5-bisphosphate (PIP 2 ) is involved in many essential signaling pathways but displays poor solubility in oil due to its strong negative charge.
To form giant vesicles with controlled contents, we first assembled a planar bilayer and then generated GUVs by microfluidic jetting. Planar lipid bilayers can be created at the interface between two aqueous droplets that are initially surrounded by oil (containing dissolved lipids) and then brought into contact, an approach pioneered by Bayley et al. to study membrane pores (29) . We have previously demonstrated that these planar bilayers can be deformed by microfluidic jetting with a piezoelectric inkjet nozzle to form giant unilamellar vesicles (26) . However, our previous use of lipids dissolved in oil prevented the inclusion of physiologically important signaling lipids.
To overcome this limitation, we formed planar bilayers with controlled lipid composition by delivering lipid content through the aqueous phase in the form of SUVs [modified protocol from Hwang, et al. (30) ]. Using a custom acrylic chamber (Fig. 1A and Fig. S1 ) containing a small volume of oil, we kept the two aqueous droplets separated by a thin acrylic divider and loaded SUVs with the oil-insoluble lipid of interest into each droplet (Fig. 1B) . The SUVs diffused within the droplets and gradually fused to the oil-water interface of each droplet, forming a continuous lipid monolayer around each droplet (Fig. 1C) . When the divider was removed, the two droplets moved into contact and created a large (approximately 2 mm 2 ) planar bilayer membrane at their interface. Finally, giant unilamellar vesicles with controlled lipid composition were formed from this planar bilayer by microfluidic jetting (Fig. 1C) . During this process, we attempted to minimize the residual oil in the planar lipid bilayer and resulting oil contamination of the GUVs (see SI Text, GUV Formation by Microfluidic Jetting and Fig. S2) ; however, we cannot fully exclude the possibility that oil molecules are present in the GUV membranes and may affect membrane properties such as rigidity and tension.
We used this procedure to incorporate fluorescently labeled PIP 2 (TMR-PIP 2 ) into giant vesicles (Fig. 1D ). Confocal microscopy confirmed PIP 2 delivery to the GUV membrane. We also tested the generality of this protocol by incorporating functionalized lipids with large poly(ethylene glycol) (PEG) chains (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[PEG2000-N'-carboxyfluorescein]; see Fig. S3 ) and charged Ni-chelating Fig. 2 ). Both of these lipid species exhibit poor solubility in oil.
Alternatively, planar membranes can be formed from a combination of lipids dissolved in oil and oil-insoluble lipids added via SUVs to the aqueous droplets. GUVs made from these bilayers will contain both oil-insoluble and oil-soluble lipids, but they will lack controlled composition. This approach can be used to minimize background SUV concentration, and it may be most appropriate for doping in signaling lipids, which typically comprise <1% of the total phospholipid content of cellular membranes (1).
Formation of GUVs with Asymmetric Membranes. In addition to complex composition, cellular membranes are generally asymmetric in nature, maintaining a different environment on their cytosolic and extracellular sides. To mimic this fundamental feature of cellular membranes, we independently controlled the lipid composition in each leaflet of the unilamellar vesicle. Asymmetric planar bilayers can be formed as described above by incorporating different SUVs into each of the aqueous droplets (30) or by loading SUVs into one droplet and allowing lipids soluble in oil to form the monolayer of the second droplet. We formed giant vesicles with asymmetric membranes from the asymmetric planar bilayers again by microfluidic jetting. Because the continuity of the membrane is maintained during the vesicle formation process, the internal leaflet of the GUV originated from the lipid monolayer coating the droplet nearest the inkjet nozzle (inner droplet), and the external leaflet of the GUV came from the lipid monolayer coating the far droplet (outer droplet) (Fig. 2) . In this way, inner and outer leaflet composition could be independently defined.
We demonstrated this method for formation of GUVs with asymmetric membranes by selectively incorporating oil-insoluble Ni-chelating lipids into the inner or outer leaflet of the bilayer. We confirmed the orientation of the Ni-chelating lipids using localization of 6x-His tagged green fluorescent protein (His-GFP), which has a high affinity for Ni, as a read-out. When SUVs containing Ni-chelating lipids were added to the inner droplet, encapsulated His-GFP localized to the GUV membrane; however, His-GFP added to the external solution did not ( Fig. 2A) . Conversely, when SUVs containing Ni-chelating lipids were added to the outer droplet, His-GFP added to the external Fig. 1 . GUVs with oil-insoluble lipids were formed by SUV incorporation into planar bilayers followed by microfluidic jetting. (A) A custom acrylic chamber was used to form giant vesicles by microfluidic jetting with a piezoelectric inkjet. The chamber was mounted on a microscope stage, and the inkjet device was inserted from a port in the side of the chamber. For image clarity, this chamber does not contain oil or aqueous droplets. Scale bar, 4 mm. (B) Aqueous droplets containing SUVs with oil-insoluble lipids (red) were incubated in the acrylic chamber containing oil. A thin acrylic divider separates the two aqueous droplets. (C) SUVs diffuse within the water droplet until they contact and fuse to the oil/water interface, forming a continuous lipid monolayer around each droplet. Removal of the thin acrylic divider allows the two droplets to move together and exclude oil between them. When the two lipid monolayers come into contact, they form a planar lipid bilayer. GUVs were formed by microfluidic jetting with the inkjet device that deforms the planar bilayer into a vesicle. Repeated pulsing of the inkjet results in the formation of multiple monodisperse vesicles. (D) TMR-PIP 2 was incorporated into a GUV by this method and imaged by confocal microscopy. Scale bar, 50 μm.
solution localized to the GUV membrane, whereas encapsulated His-GFP did not (Fig. 2B) . This confirms the selective incorporation of Ni-chelating lipids into the inner or outer leaflet of the GUV. Whereas flipping of lipids from one leaflet to the other can occur over long times [many hours to days (31)], we did not observe significant lipid flip-flop over the timescale (approximately 1 h) of our experiments (Fig. S4) .
Incorporation of Transmembrane Proteins and Control of Orientation in GUVs.
A fundamental feature of cellular membranes and a central challenge for cellular reconstitutions is the abundant presence of transmembrane (TM) proteins (32) . It has proven technically difficult to incorporate purified TM proteins into GUV membranes for reconstitution experiments. We overcome this difficulty through an extension of the SUV delivery method, using the well-characterized SNARE protein synaptobrevin (Syb) for a proof of principle experiment. A GFP fusion of synaptobrevin (GFP-Syb) was first incorporated into SUVs by the standard protocol of detergent-assisted insertion (33) . Planar bilayers were formed from droplets containing SUVs with GFP-Syb, and GUVs with GFP-Syb were made by microfluidic jetting. The GUVs displayed bright, uniform fluorescence along their membrane, suggesting successful incorporation of the transmembrane protein (Fig. 3A) .
As a second example of protein insertion into membranes, we formed GUVs containing the transmembrane protein syntaxin precomplexed with SNAP25 (tSNARE complex). We simultaneously tested incorporation of the tSNARE complex and its functionality by adding a water-soluble (truncated) version of synaptobrevin connected to GFP (SybSN-GFP). We observed strong localization of SybSN-GFP to the membrane, indicating successful incorporation of the tSNARE complex into the GUV membrane and formation of functional SNARE complexes ( Fig. 3B and Fig. S5 ). No membrane localization of SybSN-GFP was detected in the absence of incorporated tSNAREs (Fig. 3B) .
Many transmembrane proteins must be properly oriented to carry out their cellular function. For example, synaptobrevin is found in synaptic vesicle membranes with its hydrophilic SNARE domain oriented into the cytosol. Orientation of transmembrane proteins is accomplished by cells during insertion into the membrane, but reconstitution techniques are typically unable to achieve oriented insertion. Whereas the detergent-assisted insertion of Syb into SUVs is largely random, leading to approximately 50% of the protein oriented outward and 50% oriented inward (33), we set out to control protein orientation to emulate the physiological geometry in our GUVs. Therefore, we incubated GFP-Syb SUVs in the inner droplet [ Fig. 3C (i) ], where the microfluidic jet is inserted to form GUVs, and protein-free SUVs in the outer droplet. Orientation was measured by a fluorescence protease protection assay that works by probing the accessibility of the fluorescently labeled domain of a transmembrane protein to a membrane impermeable protease added to the external solution (34) . We conducted this assay for GUVs formed from planar bilayers made by incubating GFP-Syb SUVs in three different configurations: (i) only the inner droplet, (ii) both droplets, or (iii) only the outer droplet (Fig. 3C) . The fraction of GFP-Syb with a given orientation was calculated from the ratio of the fluor- escence intensity, measured by fluorescence microscopy, before and after addition of Protease K (see SI Text, Analysis of TM Protein Orientation and Fig. S6 ). Quantification of this data revealed that in configuration (i) 91 AE 5% (SEM, n ¼ 4 bilayers), in (ii) 49 AE 3% (SEM, n ¼ 4 bilayers), and in (iii) 10 AE 2% (SEM, n ¼ 6 bilayers) of GFP-Syb was oriented inward, therefore confirming control over the orientation of incorporated transmembrane protein in GUVs (Fig. 3D) . GFP-Syb orientation was stable over many hours (Fig. S7) . We achieved control of GFP-Syb orientation in GUVs by forming lipid monolayers that were destined for either the inner or outer leaflet of the vesicle and by capitalizing on the intrinsically asymmetric nature of GFP-Syb. Synaptobrevin has a single hydrophobic alpha-helix (transmembrane domain) connected to the water-soluble SNARE domain. The differing affinity of these two domains for the oil-water interface of the aqueous droplet likely specified the protein orientation, thus defining the polarity of the protein in the planar bilayer and consequently the GUV formed by microfluidic jetting. Connecting the SNARE domain to the globular protein GFP likely enhanced the orientation of the protein at the oil-water interface. In general, attachment of a water-soluble domain to a transmembrane protein of interest could be used as an engineering tool for orienting transmembrane proteins lacking large hydrophilic domains. If these proteins are connected to a fluorescent protein domain at a cytosolic-facing location by a linker containing a specific cleavage site, the engineered domain could be used to bias the orientation of the protein in the vesicle, confirm control of orientation by the fluorescence protease protection assay, and recover the native protein by cleavage. In general, asymmetric incorporation of transmembrane proteins into GUVs will also require a proteinspecific assay to ensure functionality.
Dynamic Regulation of GUV Composition by SUV-GUV Membrane
Mixing. Thus far, we have demonstrated the ability to form GUVs with controlled lipid composition, bilayer asymmetry, and oriented transmembrane proteins. To test the utility of this technique for experiments that depend on membrane composition and defined internal contents, we used the SNAREfusion machinery to dynamically regulate GUV composition by SUV-GUV membrane mixing in a configuration that closely mimics the physiological geometry of exocytosis in cells. We loaded the inkjet with SUVs containing Syb (dark Syb and GFP-Syb at a 1∶1 stoichiometry for detection) (vSNARE-SUVs) and the C2AB domain of the calcium-sensitive, synaptotagmin-related protein Doc2b. This solution was jetted into GUVs containing functional tSNARE complexes by deformation of a tSNARE-containing planar bilayer (Fig. 4A) . We added CaCl 2 to the aqueous droplets surrounding the planar membrane, but not to the inkjet solution, so that when we formed GUVs, entrainment of CaCl 2 from the surrounding fluid initiated the activity of Doc2b at the exact moment of encapsulation within the GUV (35) . Control experiments were performed equally with GUVs containing only syntaxin, and protein-free GUVs.
Addition of calcium-activated Doc2b caused vSNARE-SUVs to form clusters that diffused slowly (D < 1 μm 2 ∕s). Cluster formation by the synaptotagmin-related Doc2b is likely due to the two linked C2 domains binding to two apposing SUV membranes (Fig. 4B) (36, 37) . By simply watching SUV clusters diffuse within the GUVs, we were able to observe two classes of events. In the first case, SUV clusters contacted the inner leaflet of the GUV membrane, and their diffusional motion was abruptly confined to the surface of the GUV, indicative of vesicle docking (Fig. 4C and Movie S1). The SUV clusters remained docked for the duration of observation, as demonstrated by persistent fluorescence on the GUV membrane (Fig. 4C) . In the second case, we observed SUV clusters contacting the inner leaflet of the GUV membrane and immediately disappearing from sight ( Fig. 4D and Movie S2). We again calculated the membrane fluorescence intensity at the contact site (Fig. 4D) , and in contrast to docking, the local fluorescence intensity spike at the membrane steadily decayed to the baseline value, indicating that SUV-GUV membrane mixing occurred. We further analyzed the fluorescence decay after contact and found that both the timescale and decay shape are consistent with 2D diffusive mixing within the GUV membrane (see SI Text, Analysis of SUV-GUV Docking and Membrane Mixing and Fig. S8 ). We also confirmed that these events were not due to vertical diffusion out of the observed volume by tracking the vertical position of these punctae (Fig. S9) . In control experiments where we do not incorporate tSNAREs into the GUV membrane, we observe only docking but no membrane mixing (n ¼ 10 independent experiments).
In this geometry, cumulative SUV-GUV membrane mixing events should result in changing GUV membrane composition and presentation of vSNARE-GFP molecules from the GUV surface. Consistent with this hypothesis, we found that the overall GUV membrane increased in fluorescence over time for tSNARE-containing GUVs, indicating that GFP-Syb was transferred to the GUV membrane (Fig. S10) . To confirm presentation of GFP-Syb from the external surface of GUVs, we added a fluorescently labeled GFP antibody (αGFP-AF594) to the exter- Fig. 4 . Membrane mixing leads to transfer of SNARE proteins from SUVs to GUV membranes. (A) GUVs were formed with incorporated tSNAREs and encapsulated Doc2 and vSNARE-SUVs. Ca 2þ was entrained from the aqueous droplets during the formation process. (B) Confocal image of vSNARE-SUVs encapsulated in a tSNARE-GUV (C) Docking of an SUV cluster to a GUV. Diffusion of an encapsulated SUV cluster was tracked for 10 min. The location of the SUV cluster in the first frame is denoted by "x." The track is separated into before (red) and after (green) docking to the GUV membrane. Fluorescence intensity of the GUV membrane at the docking location (yellow box) is shown for 2 min around the docking event. (D) Membrane transfer from an SUV cluster to a GUV membrane. The path of an SUV cluster was tracked (red) for 5 min, until it contacted the GUV membrane. The location of the SUV cluster in the first frame is denoted by "x." Fluorescence intensity of the GUV membrane at the contact location (yellow box) is shown for 2 min around the time of contact. Fluorescence decay is fit by a 2D diffusion model (R 2 ¼ 0.81). (E) Transfer of GFP-Syb to the external leaflet of the GUV membrane was confirmed by addition of a fluorescently labeled antibody against GFP to the external solution. Fluorescence intensity of GUV membranes containing syntaxin þ SNAP25 (tSNAREs) increased by 5922 AE 2108 a:u: (SEM, n ¼ 6 bilayers), whereas GUV membranes containing only syntaxin, or no SNARE proteins, increased by 816 AE 193 a:u: (SEM, n ¼ 7 bilayers) and 506 AE 419 a:u: (SEM, n ¼ 5 bilayers), respectively. Ã p < 0.05 (Student's t test). All scale bars, 25 μm.
nal solution and observed a significant increase in antibody fluorescence for GUVs containing the complete SNARE fusion machinery. This suggests a SNARE-dependent membrane mixing process (Fig. 4E) ; however, we cannot exclude the possibility that residual detergent and decane destabilized the membranes and facilitated membrane mixing by SNAREs.
Conclusions
Cellular reconstitutions are limited by the technical challenge of assembling giant vesicles with controlled internal contents and complex bilayer properties. Recently, progress has been made to encapsulate macromolecules in cell-sized volumes using strategies that rely on lipids dissolved in oil for assembling lipid bilayers, which limits control of membrane composition and organization. Here we have demonstrated a technique that addresses this challenge, enabling assembly of vesicles with simultaneous control of internal contents and membrane properties, including asymmetric distribution of physiological lipids and transmembrane proteins. The technique we use, microfluidic jetting, requires more specialized equipment than other approaches such as inverted emulsions, but it separates the process of vesicle formation from that of bilayer formation, allowing monitoring and minimization of oil contamination in the bilayer. We anticipate that the technique we describe will be especially useful for facilitating reconstitutions that involve membrane interactions, such as exocytosis and endocytosis, antigen presentation, viral entry, and signal transduction. Presentation of proteins on the external surface of GUVs by SUV-GUV membrane mixing mimics the process by which cells dynamically regulate their membrane composition, suggesting the potential for engineering a device that, similar to antigen presenting cells, presents specific surface chemistry in response to external cues. The ability to engineer synthetic lipid vesicles with cellular controls will further efforts to construct bioinspired devices for therapeutic and active biomaterials applications.
Materials and Methods
Additional information on SUV preparation, protein expression, proteo-liposome preparation, chamber design, planar bilayer formation, GUV formation by microfluidic jetting, image acquisition, and analysis is available in SI Text.
Incorporating TMR-PIP 2 into GUVs. Aqueous droplets containing 0.1 mg∕mL DPhPC∕TMR-PIP 2 SUVs were added to both sides of the oil-loaded chamber, and the chamber was incubated overnight at 4°C. The thin acrylic divider was removed, and the chamber was left for 10 min to allow for planar bilayer formation before an inkjet loaded with 350 mOsm sucrose was used to form GUVs by microfluidic jetting.
Asymmetric DGS-NTA-Ni GUV experiment. To selectively incorporate DGS-NTANi into the inner leaflet of a GUV the oil-containing chamber was set up with an inner droplet containing 0.02 mg∕mL DPhPC/DGS-NTA-Ni SUVs and an outer droplet containing 0.02 mg∕mL DPhPC SUVs, and was incubated for 1 h. After incubation, DPhPC in oil was added to a final concentration of 21 mg∕mL in the chamber. The thin acrylic divider was removed and GUVs were formed using an inkjet containing either 2 μM His-GFP and 6% iodixanol in 10 mM Hepes pH 7.5, 200 mM KCl ( Fig. 2A, Left) , or only 6% iodixanol in 10 mM Hepes pH 7.5, 200 mM KCl ( Fig. 2A, Right) . After formation of multiple GUVs from a single bilayer, the sample was transferred to a spinning disc confocal microscope for imaging. GUVs with encapsulated His-GFP were imaged immediately. 0.3 μM His-GFP was added to chambers with GUVs lacking encapsulated His-GFP, and they were incubated for 30 min before imaging. Selective incorporation of DGS-NTA-Ni into the outer leaflet of a GUV was accomplished by repeating this procedure, with 0.02 mg∕mL DPhPC/DGS-NTA-Ni SUVs in the outer droplet and 0.02 mg∕mL DPhPC SUVs in the inner droplet (Fig. 2B) .
Incorporation of tSNAREs and Functional SNARE Complex Formation. Aqueous droplets containing either 0.05 mg∕mL tSNARE SUVs (DPhPC SUVs with inserted tSNARE complexes) and 0.05 mg∕mL supplement SUVs (DPhPC∕ DPhPS∕cholesterol 70∕20∕10) or 0.1 mg∕mL supplement SUVs only (control), in 25 mM Hepes pH 7.5, 100 mM KCl, 2 mM DTT were added to both sides of an oil-loaded chamber, and the chamber was incubated overnight at 4°C. After incubation, DPhPC in oil was added to a final concentration of 21 mg∕mL in the chamber. The thin acrylic divider was removed, forming a tSNARE-containing planar bilayer, and an inkjet loaded with 1 μM SybSN-GFP, 6% iodixanol, 25 mM Hepes pH 7.5, 100 mM KCl and 2 mM DTT was used to form GUVs. Alternatively, binding of SybSN-GFP to tSNAREs in the external leaflet of GUVs was tested by addition of 1 μM SybSN-GFP to the chamber after vesicle formation, instead of loading it into the inkjet.
GFP-Syb Incorporation and Orientation. To form GUVs with GFP-Syb with the GFP domain facing outward the oil-containing chamber was set up with an outer droplet containing 0.05 mg∕mL GFP-Syb SUVs and an inner droplet containing 0.05 mg∕mL DPhPC SUVs and incubated overnight at 4°C. After incubation, DPhPC in oil was added to a final concentration of 21 mg∕mL in the chamber. The thin acrylic divider was removed and an inkjet loaded with 6% iodixanol, 25 mM Hepes pH 7.5, 100 mM KCl and 2 mM DTT was used to form GUVs. After formation of multiple GUVs from a single bilayer, images of the GUVs were captured using spinning disc confocal microscopy and positions were recorded using a motorized stage (Prior). Protease K (SigmaAldrich) was carefully added to the outer droplet to a final concentration of 0.2 mg∕mL, and mixed by gentle pipetting. Protease K was added approximately 1 h after vesicle formation, unless we tested for stability of protein orientation, in which case we waited 9 h before addition of protease K. After 10 min of incubation we returned to the previously recorded positions and captured a second set of images of the same GUVs.
Conversely, GFP-Syb was incorporated into GUVs with the GFP domain facing inward by setting up the oil-containing chamber with 0.05 mg∕mL GFP-Syb SUVs in the inner droplet, and 0.05 mg∕mL DPhPC SUVs in the outer droplet for overnight incubation. GUVs with GFP-Syb oriented symmetrically were formed by incubating 0.05 mg∕mL GFP-Syb SUVs in both droplets.
SUV-GUV Membrane Mixing Experiment. Aqueous droplets containing either 0.05 mg∕mL tSNARE SUVs (DPhPC) and 0.05 mg∕mL supplement SUVs (DPhPC∕DPhPS∕cholesterol 70∕20∕10) for membrane mixing experiments or 0.1 mg∕mL supplement SUVs only for control experiments, in 25 mM Hepes pH 7.5, 100 mM KCl, 0.4 mM CaCl 2 , 2 mM DTT were added to both sides of an oil-loaded chamber, and the chamber was incubated overnight at 4°C. After incubation, DPhPC in oil was added to a final concentration of 21 mg∕mL in the chamber. The thin acrylic divider was removed, forming a tSNARE-containing planar bilayer, and an inkjet loaded with 2 μg∕mL vSNARE SUVs, 0.5 μM Doc2, 6% iodixanol, 25 mM Hepes pH 7.5, 100 mM KCl and 2 mM DTT was used to form GUVs.
For detection of GFP-Syb delivery from the inner leaflet of SUVs to the outer leaflet of GUVs we formed tSNARE-containing planar bilayers as described above. To control for nonspecific membrane mixing we formed planar bilayers from (1) SUVs containing syntaxin only, or (2) protein-free DPhPC SUVs. We encapsulated 20 μg∕mL vSNARE SUVs, 0.5 μM Doc2, 6% iodixanol, 25 mM Hepes pH 7.5, 100 mM KCl and 2 mM DTT. We incubated the GUVs for 12-16 h after formation, to ensure maximum membrane mixing and protein presentation. We then added 30 μg∕mL anti-GFP AF 594 antibody (Invitrogen) to the surrounding solution, incubated for 30 min on room temperature, washed and imaged the GUVs with confocal microscopy. Linescan analysis was used to measure fluorescence increase due to antibody binding. For details of images acquisition and analysis of SUV-GUV docking and membrane mixing, see SI Text and Figs. S11 and S12.
